Detonation of explosive devices creates blast waves, which can injure brains even in the absence of external injuries. Among these, blast-induced mild traumatic brain injury (bmTBI) is increasing in military populations, such as in the wars in Afghanistan, Iraq, and Syria. Although the clinical presentation of bmTBI is not precisely defined, it is frequently associated with psycho-neurological deficits and usually manifests in the form of poly-trauma including psychiatric morbidity and cognitive disruption. Although the underlying mechanisms of bmTBI are largely unknown, some studies suggested that bmTBI is associated with blood-brain barrier disruption, oxidative stress, and edema in the brain. The present study investigated the effects of novel antioxidant, molecular hydrogen gas, on bmTBI using a laboratory-scale shock tube model in mice. Hydrogen gas has a strong prospect for clinical use due to easy preparation, lowcost, and no side effects. The administration of hydrogen gas significantly attenuated the behavioral deficits observed in our bmTBI model, suggesting that hydrogen application might be a strong therapeutic method for treatment of bmTBI.
INTRODUCTION
Blast injury has become a constant threat in current conflicts because of the frequent use of improvised explosive devices in military conflicts or terrorism. The blast-induced mild traumatic injury (bmTBI) is known to manifest itself as long-term psychophysiological effects including social deficits (1, 2) . However, the mechanisms by which the blast waves affect psychophysiological outcomes are largely unknown, and thus, effective medical countermeasure is still lacking. Although the bmTBI is caused by complex phenomenon, long-term effects of blood-brain barrier (BBB) disruption (3), oxidative stress (4, 5) , and edema (6) can affect psychophysiological outcomes.
Molecular hydrogen has recently received attention as an effective antioxidant because of its small size and electrically neutral properties, enabling it to reach target organs easily, diffuse across membranes rapidly and penetrate the BBB for the protection of neurons (7) . Indeed, numerous studies have demonstrated the efficacy of hydrogen as an antioxidant for the treatment of several diseases (8) (9) (10) (11) (12) . Furthermore, easy preparation, low-cost, and no side effects make hydrogen a strong prospect for clinical use (13) . Here, we investigated whether the administration of molecular hydrogen gas has the potential to be used in the management of bmTBI. We expected that hydrogen may ameliorate behavioral impairments in bmTBI through the attenuation of oxidative stress. Our results indicated that hydrogen gas inhalation significantly prevented the long-term behavioral deficits caused by exposure to blast waves in mice, suggesting that hydrogen administration has strong prospect for preventive use in bmTBI.
MATERIALS AND METHODS

Animals
All experiments were conducted according to the institutional ethical guidelines for animal experiments of the National Defense Medical College (Tokorozawa, Japan) and these experiments were approved by the Committee for Animal Research at the National Defense Medical College.
Inbred age-matched male littermate C57BL/6 mice were used in this study. The mice were housed under standard laboratory conditions with a 12-hour light/dark cycle and a room temperature maintained at 24 C 6 1 C. The mice had ad libitum access to water and food. In the present study, 100 mice in total were used.
Shock Tube Settings
We designed a compressed-gas driven shock tube to provide realistic blast wave profiles with easy adaptability to a laboratory setting. The shock tube comprised the driver and driven sections, which were separated by a polyester diaphragm (Fig. 1) . The driver section was filled with compressed nitrogen through the gas inlet valve, which was closed once the driver section was filled. When triggered, a needle raptured the polyester diaphragm, which caused the driver gases to expand rapidly forming the blast wave as it traveled along the driven section. The mice at 10 weeks of age were anesthetized by an intraperitoneal injection of mixed anesthetic agents containing 0.3 mg/kg medetomidine hydrochloride (Domitol, Meiji Seika Pharma, Tokyo, Japan), 4.0 mg/kg midazolam (Dormice, Estella's Pharma, Tokyo, Japan), and 5.0 mg/kg butorphanol (Vetorphale, Meiji Seika Pharma) as described previously (14) . Each animal was placed on the mouse placement holder at a distance of 5 cm from the exit end of the blast tube, with the head directed toward the blast tube and the long axis of the body parallel to the blast tube (Fig. 1) . Following blast exposure, animals were allowed to recover from anesthesia and were subsequently returned to their home cage.
The pressure in the blast wave was measured at a resonant frequency of 0.5 MHz via a piezoelectric sensor (PCB 113B26, Piezotronics, Depew, NY). The analog output from the piezoelectric sensor was analyzed and recorded by an oscilloscope (DSO7104A, Agilent Technologies, Santa Clara, CA) with 20-MSa/s sample rate.
Hydrogen Gas Administration
Hydrogen gas was administered over a period of 7 days starting immediately after the blast exposure (Fig. 2 ). Mice were placed in a humid chamber for hydrogen gas inhalation for 6 hours per day. Mice without hydrogen were also put in an identical chamber for the same period. Hydrogen gas diluted by air (4%) was supplied to the chamber from a hydrogen gas supply apparatus (MiZ Co., Kanagawa, Japan). The concentrations of hydrogen were low enough to avoid explosion (15) . The total gas flow was 2 L/minute. The mice had ad libitum access to water and food in the chamber.
Evans Blue Dye Extravasation
An Evans Blue dye solution (4% w/v in saline) was injected intravenously (2.5 lL/g) through the tail vein 4 hours after the blast exposure. After labeling for 2.5 hours, the mice were transcardially perfused with heparinized phosphate buffered saline, and then with 10% formalin neutral buffer solution. Whole brains were sectioned coronally into twelve 1-mm-thick slices using a brain slicer. Images were scanned using an Olympus IX83 inverted microscope equipped with a cellSens imaging software. Evans Blue dye extravasation was shown as relative fluorescence intensity to that in the gigantocellular reticular nucleus. Twelve mice in total were used in this experiment.
Dihydroethidium Staining
To evaluate reactive oxygen species (ROS) formation in brains, hydroethidine histochemistry was performed as Experimental setting for a mouse model of blastinduced mild TBI using a shock tube. The shock tube consists of the driver (high-pressure) and driven sections separated by a diaphragm. The test begins with the puncture of the diaphragm. A mechanically driven needle suddenly pierces the diaphragm and compressed gas in the driven section is released as a shock wave propagating to the other (driven) section. The anesthetized mouse is placed on the mouse placement holder at a distance of 5 cm from the exit end of the shock tube. This holder keeps the animal stable during the blast exposure. FIGURE 2. Experimental scheme illustrating hydrogen administration. At 10 weeks of age, mice were exposed to blast waves following anesthesia. The sham control group underwent anesthesia without blast exposure. Immediately after the blast exposure, mice were administered hydrogen gas for a period of 7 days for 6 hours per day. Subsequently, mice were used in behavioral studies at 11-12 weeks of age.
described previously (16) . A subset of mice was killed 2 days after blast exposure and the brains were removed and immediately frozen. Brains were cryosectioned (10 lm) onto glass slides, rinsed in double distilled water for 3 minutes, and incubated in 1 lM of dihydroethidium (DHE) for 30 minutes in the dark. The oxidation product, ethidium, is formed from DHE by ROS resulting in ethidium accumulation within cells producing ROS. Slides were subsequently rinsed and ethidium was detected as red nuclei by fluorescence microscopy (Nikon, Tokyo, Japan) with an electron-multiplying (EM) charge-coupled device (CCD) digital camera (ImagEM, Hamamatsu Photonics, Hamamatsu, Japan). Mean fluorescence intensity of each slide was measured using Adobe Photoshop CS6 (Adobe Systems, San Jose, CA). Six slides from 6 mice (1 slice from each mouse) per experimental condition were examined. Eighteen mice in total were used in this experiment.
Behavioral Studies
Behavioral studies were performed 7 days after the blast exposure as described previously (17) . The movement of each mouse was monitored and analyzed using a computeroperated video tracking system (SMART; Panlab, Barcelona, Spain) unless otherwise stated. In the tasks using an apparatus with arms (Y-maze and elevated plus maze), arm entry was counted when all 4 legs of the animal entered each arm. The apparatus was cleaned after each trial. Behavioral tests were performed in mice at 11-12 weeks of age. Mice were randomized to injury or sham group. Subsequently, the injured mice were randomized to hydrogen or no hydrogen group. The same set of mice were used for behavioral tests (sham, n ¼ 10; bmTBI, n ¼ 10; bmTBI þ H 2 , n ¼ 11) except for the forced swim test. In the forced swim test, another set of mice was used (sham, n ¼ 13; bmTBI, n ¼ 13; bmTBI þ H 2 , n ¼ 13). Therefore, 70 mice in total were used in the behavioral experiments. The order of the behavioral tests are as follows: openfield test, rotarrod test, elevated-plus-maze test, Y-maze test, sociability test, novelty test, olfactory test, and tail-suspension test. Individual mice underwent only 1 test in a day. All animals of 3 groups were shuffled and a sequence of trials within a test was assigned so that each group would be equally distributed across the test.
Open-Field Test
Emotional responses to the novel environment were measured in the open-field test as previously described (17) . The activity was measured as the total distance traveled (m) in 10 minutes.
Accelerating Rotarod Test
The rotarod (O'Hara, Tokyo, Japan) is a rotating rod to evaluate motor coordination and balance. This test is used to screen for motor deficits that may influence performance on other behavioral tests. Mice were individually placed on the rod, and, once they were balanced, the rod accelerated from 2.5 to 70 r.p.m. over the course of 4 minutes. Mice had to keep their balance on the rotating rod. The latency to fall or roll on the rotarod was recorded. Three consecutive trials were performed with at least 30 minutes between trials.
Elevated Plus Maze Test
The elevated plus maze test was performed as described previously (17) . Typically, mice prefer a closed environment over an open area. The percentage of time spent in the open arms of the maze was used as an index of anxiety-like behavior.
Y-Maze Test
The Y-maze test, which evaluates spatial working memory was performed as described previously (17) . Briefly, each mouse was placed in the center of the Y-maze, and the mouse was allowed to freely explore the maze for 8 minutes. The sequence and total number of arms entered were recorded. The percentage of alternations was the number of triads containing entries into all 3 arms divided by the maximum possible number of alternations (total number of arm entries minus 2) Â 100.
Sociability Test
Caged social interaction for social (another mouse) versus inanimate (stuffed mouse) target was performed in an open field using 2 cylinder cages allowing olfactory and minimal tactile interaction (18) . The cylinder cages were 10 cm in height, with a bottom diameter of 9 cm and bars spaced 7 mm apart.
Olfactory Test
The olfactory test was conducted as described previously (17) . Briefly, mice were habituated to the flavor of a novel food (blueberry cheese) on the first day. After 48 hours of food deprivation, the time required to find the buried treat, that is, a piece of blueberry cheese buried under 2 cm of bedding in a clean cage, was measured.
Novelty Test
The novelty test was conducted as described previously (18) . The activity was measured as the total duration interacting with an inanimate novel object (red tube) for 10 minutes.
Tail Suspension Test
The tail suspension test, which evaluates depression-like symptoms, was performed as described previously (18) . Briefly, a mouse was suspended from the edge of a desk by attaching its tail with adhesive tape. The adhesive tape was placed $5-10 mm from the tip of the tail. The suspended animal was 600 mm away from the floor. The total duration of immobility (i.e. lack of movement of paws, with the head pointed downward) and the latency to the first bout of immobility time were measured for 6 minutes.
Forced Swim Test
The forced swim test, another assay of depression-like symptoms in rodents, was performed as described previously (18) . Briefly, mice were individually placed in a cylinder (25 cm diameter, 46 cm depth) filled two-thirds with water (25 C 6 1 C) for 6 minutes. The mice could not escape from the cylinder, and their feet could not touch the bottom. Mice typically swim in the water in search for an escape route. This test measures the time spent swimming versus the time spent floating. The swimming behavior was defined as active horizontal movement more than necessary to merely maintain the head above the water and was measured as a parameter to assess "hopefulness." The floating behavior without movement beyond those necessary to maintain balance and keep the nose above water was measured as a parameter to assess "hopelessness," a sign of depressive behavior. After each trial, mice were lightly towel-dried and introduced back into their home-cage. The water in the cylinder was changed between each animal.
Statistics
Statistical analysis was performed using GraphPad Prism 6.0 (GraphPad Software Inc., San Diego, CA). Comparisons of the group means were performed using the Student t-test, 1 sample t-test, or 1-way analysis of variance (ANOVA) followed by the Bonferroni post hoc test. Homogeneity of variances were confirmed using Bartlett's test. p values of <0.05 were considered statistically significant. Data were presented as mean 6 SD. Figure 3 shows the pressure-time profiles of the resulting blast waves at the animal point (mouse head) by the pressure sensor with its body parallel to the direction of the travel of the blast wave for the pressures of the driver section of the blast tube at 0.8 and 2.0 MPa. The peak overpressures of the blast waves were 25 and 38 kPa for the pressures of 0.8 and 2.0 MPa at the driver section, respectively (Fig. 3) . The waveform was composed of a steep front corresponding to the shock wave, followed by decay of overpressure and negative pressure phase (Fig. 3) . We confirmed an almost linear correlation between the driver pressure and peak mean peak pressure in the range of 20-60 kPa. The generated pressure waves and mean peak for each pressure of the driver section were consistent and reproducible. We used a blast wave at 25 kPa in this study because we found that the blast at this low level was sufficient to induce psychophysiological effects in mice.
RESULTS
Pressure-Time Profiles of the Shock Waves
Blast Exposure Induces Disruption of BBB
Exposure of mice to 25-kPa blast did not induce apparent extracerebral hemorrhage as shown in Figure 4 . Then we examined the disruption or dysfunction of BBB because previous studies suggest that disruption of BBB is an initial brain pathology and among the major mechanisms that play important roles in the development of bmTBI (3). Although vascular leakage was not observed just after blast exposure, we found that exposure of mice to 25-kPa blast induced vascular leakage at the end of a 6.5-hour period after blast exposure, suggesting . In both conditions, the blast wave was composed of a steep shock wave front of positive overpressure, followed by a period of exponential decay with a negative pressure phase.
Control +blast the disruption of BBB. Strong signals were detected in the dorsolateral part of neocortex (including the somatosensory cortex and somatomotor cortex) as well as circumventricular organs in mice with blast exposure (Fig. 5) . On the contrary, strong signals were not detected in hippocampus and amygdala.
Hydrogen Reduces Oxidative Stress Induced by Blast Exposure
Although the brain is quite sensitive to ROS, it is secured by the BBB. Thus, disruption of BBB may result in elevated oxidative stress in the brain. In addition, several studies have reported that excessive ROS are generated in rodent models of bmTBI (4, 5) . Thus, we evaluated ROS formation at the somatosensory cortex in the dorsolateral part of neocortex by hydroethidine histochemistry 2 days after blast exposure (Fig. 6 ) and found that much greater ROS were induced by blast exposure (Fig. 6B ) compared with sham controls (Fig. 6A) . In contrast, ROS were significantly reduced in mice exposed to hydrogen after blast exposure (Fig. 6C ) compared with blast alone (Fig. 6B) . A 1-way ANOVA confirmed these differences (Fig. 6D , F ¼ 7.69, p ¼ 0.005). These results indicated that the blast exposure in this model induced oxidative stress in the brains and that hydrogen inhalation mitigates this effect.
General Locomotor Activity Is Not Affected by Blast Exposure
To evaluate the behavioral activity in a novel environment, mice were examined in the open-field test. Compared with sham controls, mice exposed to blast did not show abnormal activity regardless of hydrogen administration, as assessed by the total distance traveled ( Fig. 7A; 1-way ANOVA, p > 0.05).
To evaluate the gross motor functioning, mice were subjected to the accelerating rotarod test. None of the mice exposed to blast wave with or without hydrogen exhibited deficits in the accelerating rotarod test (Fig. 7B, 2 -way RM ANOVA, p > 0.05 for group), indicating that the gross motor function was intact in mice exposed to blast regardless of hydrogen administration.
Anxiety-Related Behavior Is Not Affected by Blast Exposure
To assess whether blast exposure affected anxietyrelated behaviors, mice were evaluated on the elevated plus maze test. In this test, anxiety-related behavior is assessed by the percentage of time spent in the open arms. Mice in the control, bmTBI, and bmTBI þ hydrogen groups did not differ significantly in the percentage of time spent in the open arms (Fig. 7C, 1 -way ANOVA, p > 0.05). These results indicated that the emotional state of the mice exposed to blast did not differ from controls regardless of hydrogen administration.
Short-Term Spatial Working Memory Is Normal in Mice Exposed to Blast Wave
Working memory is the ability to hold information temporarily to perform complex cognitive tasks (19) (20) (21) . Mice were tested in the Y-maze task to evaluate spatial working memory. This task examines whether mice remember the preceding arm position selected. By nature, rodents seek a different arm from that of the preceding choice. However, if working-memory is impaired, the number of correct choices should be reduced. Mice in the control, bmTBI, and bmTBI þ hydrogen groups performed this task with 62.6% 6 1.8%, 62.3% 6 3.4%, and 60.4% 6 3.4% correct choices, respectively (Fig. 7D) . One-way ANOVA did not indicate significant differences among the experimental groups. The values for control, bmTBI, and bmTBI þ hydrogen groups were well above the chance level expected if mice chose the arms by random (random choice, 50%; 1 sample ttest, p < 0.0001 in the above cases).
Hydrogen Suppresses Impairment of Social Behavior Caused by Blast Exposure
Mice are a social species and exhibit social interaction behaviors (22) . The sociability test has been used to investigate the preference for another mouse (social) versus an inanimate (stuffed mouse) target. Mice exposed to blast exhibited decreased time spent interacting with a social target compared with sham controls (Fig. 8A) . On the other hand, mice administered hydrogen after blast exposure exhibited a similar interacting time with a social target as sham controls (Fig. 8A) . A 1-way ANOVA confirmed these differences (F ¼ 5.02, p ¼ 0.014). Moreover, mice exposed to blast exhibited a significant increase in the time interacting with an inanimate target compared with the sham group, while mice administered hydrogen after blast exposure exhibited similar interacting time to sham controls (Fig. 8A, 1 -way ANOVA, F ¼ 5.06, p ¼ 0.013). Although the control and bmTBI þ hydrogen groups spent more time interacting with the social target than with the inanimate target ( Fig. 8A ; t-test, both Ps < 0.001), no significant difference was found between the 2 interactions in the bmTBI group ( Fig. 8A ; t-test, p > 0.05).
We did not attribute the differences in social interaction to impaired olfactory sensation or loss of general interest in novelty, since we did not detect significant differences between groups in the olfactory test ( Fig. 8B; 1-way ANOVA, p > 0.05) or in the novel inanimate object interaction ( Fig. 8C; 1-way ANOVA, p > 0.05). Therefore, it can be concluded that administration of hydrogen can suppress the abnormal social behaviors caused by blast exposure.
Hydrogen Suppresses Depression-Like Symptoms Caused by Blast Exposure
To investigate whether blast exposure induces a depression-like symptom, mice underwent the tail suspension test, a widely used method for assessing depression-like symptoms (23) . In this test, the latency to the first bout of immobility and the total time spent immobile during the 6-minute trial were evaluated. Mice exposed to blast exhibited a significant decrease in the latency to the first immobility bout compared with sham controls, indicating increased depression-like symptoms by blast exposure (Fig. 9A left) . However, mice administered hydrogen after blast exposure exhibited latencies comparable to sham controls (Fig. 9A left) . A 1-way ANOVA confirmed these differences (F ¼ 6.42, p ¼ 0.0051). Moreover, mice exposed to blast exhibited a significant increase in the immobility time compared with sham controls, while mice administered hydrogen exhibited a comparable immobility time to sham controls ( Fig. 9A right, 1-way ANOVA, F ¼ 6.94, p ¼ 0.0036).
To confirm further the increased depression-like symptoms following exposure to blast wave, mice were also evaluated using the forced swim test, another assay for assessing depression-like symptoms. Mice exposed to blast waves exhibited a significant decrease in the active swimming time compared with sham controls, while mice administered hydrogen exhibited similar immobility time to sham controls (Fig. 9B left; 1-way ANOVA, F ¼ 5.95, p ¼ 0.059). Moreover, mice exposed to blast waves exhibited a significant increase in floating (immobility) time compared with sham controls, while mice administered hydrogen exhibited similar immobility time to sham controls (Fig. 9B right; 1-way ANOVA, F ¼ 11.52, p < 0.0001). These results indicated that hydrogen administration ameliorates depression-like symptoms induced by blast exposure.
DISCUSSION
In this study, we observed that hydrogen gas administration markedly suppressed social behaviors impairments and depression-like symptoms caused by blast exposure in mice. In addition, hydrogen gas inhibited oxidative stress induced by blast exposure. Collectively, it is likely that hydrogen suppressed aberrant behaviors caused by blast exposure through its antioxidant effects.
Previous studies have suggested that TBI caused by blast exposure is unique and complex, involving multiple mechanisms (24) (25) (26) (27) (28) . Subsequent to a brain damage that occurs at the immediate moment of impact, the secondary effects yield a spectrum of life-threatening injuries in the latter term. Previous studies indicate that secondary effects involve BBB disruption (3), oxidative stress (4, 5) , and edema (6) in the brain. Although we did not observe extracerebral hemorrhage in the brain just after blast exposure, vascular leakage was observed at the end of a 6.5-hour period after blast exposure suggesting the disruption of BBB. ROS production occurs as a secondary damage as well as a direct consequence of bmTBI. For instance, the hemoglobin released from the disrupted red blood cells after blast exposure also catalyzes freeradical formation (29) . The ensuing oxidative stress causes cellular damage via oxidation of cellular macromolecules such as DNA, proteins, and lipids, which contributes to alterations in protein conformation and binding, inflammation, and tissue damage. It has been reported that the levels of oxidative stress and endogenous antioxidant proteins, such as superoxide dismutase, increased within a few hours of blast exposure, and returned to normal levels within 5 days (24) . The elevation in the levels was directly proportional to the severity of injury (24) . In the present study, the motion of the mice was restricted during blast exposure. Thus, this model specifically addresses primary brain injuries. In our model, the pressuretime profiles of the blast wave resembled those obtained for an explosion in an open field (30) . In an open-field explosion, a negative pressure phase follows the overpressure phase (30) . It is suggested that negative pressure, by inducing a "whiplash" motion in the brain, plays an important role in the pathomechanism of bmTBI. First, the rapid overpressure phase accelerates the rigid skull while the brain lags behind. Subsequently, the negative phase caused the head to be pulled in the opposite direction. This whiplash motion may cause diffuse brain injury without external injury (31) . Further experiments are needed to elucidate the role of negative pressure in bmTBI.
We analyzed the behavioral deficits in the subacute phase after exposure to a blast wave of peak pressure as low as 25 kPa. Our results are consistent with those of previous animal studies, showing that low-intensity blast waves can induce behavioral deficits (32, 33) . Saljo et al reported that exposure of rats to blast waves with a peak pressure as low as 10 kPa can induce behavioral deficits (33) . Consistent with our results, Koliatsos et al reported that exposure of mice to lowintensity shock waves (26.5 6 2.1 psig) induced social deficits (32) . Our results indicate that general behaviors as well as olfactory sensations and general interest in novelty were normal in mice exposed to blasts, excluding the possibility that the social deficits and depression-like symptoms induced upon the blast exposure in the current study were influenced by sensorimotor disturbances. Although the relevance of our findings in mice to those in human is unknown, it is worth noting that exposure to low-intensity blasts induced social deficits and depression-like symptoms, considering that poorer social functioning and depression are among key features in patients with bmTBI (2, 34) .
Our results indicate that the mice exposed to blast waves did not show impaired cognitive function in the Y-maze test. Interestingly, Saljo et al indicated that exposure of rats to a 10 kPa blast induced a reduction in cognitive function, as measured by the Morris water maze test (33) . Although we do not know the reason for this difference, the Y-maze test evaluates short-term spatial working memory, which is different from long-term memory evaluated using the Morris water maze test. Furthermore, it was reported that the adverse effects on The social behavior was assessed using the sociability test. When exposed to caged social and inanimate targets, sham controls exhibited a normal preference for the social target over an inanimate target, whereas mice exposed to blast waves exhibited no significant preference. Furthermore, these mice spent significantly less time interacting with the social target compared with sham controls. Mice administered hydrogen displayed a similar preference as sham controls. (sham, n ¼ 10; bmTBI, n ¼ 10; bmTBI þ H 2 , n ¼ 11). (B) Mice exposed to blast wave did not show significant differences from controls in the latency to find a buried treat after overnight food deprivation. (C) Time spent interacting with a novel inanimate object was not significantly affected by blast exposure. Data are represented as scatter plot with mean 6 SD. *p < 0.05. ###p < 0.001 compared with interaction time with the social target of the same group. spatial memory were partially prevented upon shielding the torso of the mice during blast exposure as in the current study (32) . On the other hand, Koliatsos et al reported that the adverse effects on spatial memory partially improved at long intervals after blast exposure in a mouse model of bmTBI (32) . It is noteworthy that signs and symptoms for bmTBI differ in the acute (<72 hours), subacute (72 hours-30 days), and chronic (30-360 days) phases after blast exposure (35) . The Morris water maze test was performed 2 days after blast exposure (acute phase) in the study by Saljo et al (33) , whereas the Y-maze test was performed 10 days after blast exposure (subacute phase) in the current study. Interestingly, Rubovitch et al showed poor performance in the staircase test and the novel object recognition test at 7 days in a mouse model of bmTBI, and this persisted at 30 days after blast exposure (36) . On the contrary, although these mice showed poor performance in the Y-maze test at 7 days, these were ameliorated partially by 30 days after blast exposure (36) . These results suggest that there are both persistent and labile deficits after only a single, low-level blast exposure (36) .
Further studies are required to elucidate the effects of high-intensity blast waves, which may be a more complex entity involving multiple mechanisms and produce damage in other behavioral or physiological domains, on cognitive functions. Although our present results do not elucidate whether or not the administration of hydrogen would ameliorate the impairments induced by high-intensity blast, it is worth noting from a therapeutic viewpoint that antioxidant significantly mitigate the social deficits and depression-like symptoms after blast exposure, which are core symptoms of bmTBI. Because hydrogen gas has a strong prospect for clinical use due to easy preparation, low-cost, and no side effects, several previous studies have shown that hydrogen can be used as an effective antioxidant for the treatment of various diseases including myocardial ischemia-reperfusion injury (8) , atherosclerosis (9), carcinogenesis (10), neurodegenerative disorders (11), and hearing disorders (12) . In these studies, no serious harmful side effects of hydrogen were reported at clinical concentrations. Furthermore, hydrogen is assumed to promote wound healing after injury, which can be considered another advantage of its clinical use. Considering that the ultimate use of hydrogen will be on the battle fields, hydrogen gas cylinders would be dangerous because of the risk of explosion. However, we used an electrolyzer in the present study, which can supply hydrogen gas easily and safely, via the electrolysis of water. This electrolyzer is small enough to be carried around with little efforts and needs only small amount of water and electricity to generate hydrogen gas (see: http://www.e-miz. co.jp/english/technology.html). Thus, it is easy to administer hydrogen gas immediately after blast exposure in the battle field with just pushing a button of this hydrogen gas supply apparatus. Based on our findings, we concluded that administration of hydrogen gas is a promising therapeutic strategy to mitigate bmTBI caused by low-intensity blast. (Left panel) a significant difference was observed in the total time spent swimming; (Right panel) a significant difference was observed in the total time spent floating (sham, n ¼ 13; bmTBI, n ¼ 13; bmTBI þ H 2 , n ¼ 13). Data are represented as scatter plot with mean 6 SD. *p < 0.05, **p < 0.01, **p < 0.001.
